
UNCLASSIFIED ?T~l *

AD-A208 148 REPORT DOCUMENTATION PAGE
1b. RESTRICrIVE MARKINGS

Unclassified
2a. SECURITY CLASSIFICATION AUTHORITY -- 3 DISTRIBUTION/AVAILABILITY OF REPORT

Approved for public release;
4). DECL~ASsiFic..riT3N / DOWNGRADING SCHEDULE

distribution is unlimited

4 PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)

NNRI 89-20

6a. NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION
Naval Medical Research (if apolicable) Naval Medical Command

61- ADDRESS (Ciry, State, and ZIPCode) 7b. ADDRESS (City. State, and ZIP Code)

Bethesda, Maryland 20814-5055 Department of the Navy

Washington, D.C. 20372-5120

8a. NAME OF FUNDING /SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION Naval Medical I (If ahplicabeO

Research and Development Command_

BC. ADDRESS (City, State, and ZIP Code) 10 SOURCE OF FUNDING NUMBERS
Bethesda, Maryland 20814-5055 FROGRAM PROJECT TASK WORK UNIT

ELEMENT NO- No. NO. ACCSION NO.61153N m04120 1-002 N778
I I. TITLE (Inclucie Securiry Classiticatlon)

Mussel glue protein has an open conformation

12. PERSONAL AUfPOR(S) Wi12.ams I, Marumo K, Waite JR, nenlens Kw

I13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OP REPORT (Year Month Day) IS. PAgE COUNT
j6ournal article FROM____ TO ____ 1989

16. SUPPLPMENTARY NOTATION

Reprinted from: Archives of Biochemistry and Biophysics, March 1989, Vol. 269(2) pp.
4
15

2 2

17 COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block numOer)

FIELD GROUP SUB-GROUP Dopa, .34-dihydrophenylalanine;I SDS, sodium dodecyl sulfate; PTH, phenylthiohydantoin

:9. ABSTRACT (Continue on reverse of necessary arid identify by block number)

DTIC
ELECTE
MAY 2 5 1989

DDU
20 DISTRIBUTION /AVAILABILITY OF ABSTRACT 121. ABSTRACT SECURITY CLASSIFICATION

(MUNCLASSIFPEOUNUMITED r SAME AS RPT. 0 OtIC USERS lUnclassified
22a. NAME OF RESPONSIBLE INOIVIDUAL 22b. TELEPHONE (Include Area Code) 22c. OFFICE SYMBOL

Phyllis Blum, Information Services Division 202-295-2188 7 ISD ADMIN /NMRI

D FORM 1473, S. MAR 83 APR editlon may be used until exnausied. SECURITY CLASSIFICATION OF THIS PAG
All othef editions are obsolete. UNCLASSIFIED



AR HIVES OF IoCHEMISTRY AN BIpI'HYsicS

Vol, 269. No. 2. March, pp. 415-422.1989

Mussel Glue Protein Has an Open Conformation'

TAFFY WILLIAMS,*
'2 

KEISHI MARUMO,t
"3 

J. HERBERT WAITE,+
AND ROBERT W. HENKENSt

?Coleg ofMarun StadisUn iversity of Dela ware, Lew~es, Dela ware 19958," oMetobolic R-csa rrh [)iviiou,.

Casualty Cure Research Departisevi. Naval Medical Research Institute. Bethesda. Moryland 208 14-5055, s,,d
tDeoz rmc7it of Chenistry Thike University, Durham, North Curdiao, 2i77,6

Received August 22,1988, and in revised form November 4, 1988

Both native glue protein from marine mussels and a synthetic nonhydroxylated analog
were analyzed by far-uv CD under a variety of conditions. Analysis of the CD spectra
using various models strongly suggests a primarily random coil structure for both forms
of the protein, a fact also supported by the absence of spectral change for the glue protein
upon dilution into 6 M guanidine hydrochloride. The nonhydroxylated analog, which con-
sists of 20 repeats of the peptide sequence Ala-Lys-Pro-Ser-Tyr-Pro-Pro-Thr-Tyr-
Lys, was further characterized by enzyme modification using mushroom tyrosinase. En-
zymatic hydroxylation of tyrosines was found to be best fit by a model containing two
rate constants, 5.6 (±0.6) X 10-3 and 7.2 (±0.3) X 10-2 in '.At equilibrium, HPLC analy-
sis of digests showed nearly 100% conversion of Tyr-9 and only 15 to 35'7 conversion of
Tyr-5. The Chou and Fasman rules for predicting structure were applied to the repeat
sequence listed above. The rules predict the absence of a helix and 0 pleated sheets in
the structure of this peptide. On the other hand , turns are predicted to bc present with
Tyr-5 being in the region of highest probability. These data suggest that the protein in
solution has only a small amount of secondary structure. iss Ademic P'os /n,

Most of the cells and tissues of living or- Thr-(Tyr/Dopa4)-Lys and Ala-Lys-Pro-
ganisms rely on a very specific and dy- Ser-(Tyr/Dopa)-Hyp-Hyp-Thr-Dopa-
namic array of molecular interactions for Lys (2): The protein adsorbs to surfaces
their cohesive integrity. In contrast, the following secretion as a semistable foam
attachment of marine mussels to a variety by foot of the mussel. Subsequently, the
of surfaces ranging from paraffin to slate foam hardens and forms a permanent bond
is remarkable for its nonspecificity and between the surface and the mostly collag-
permanence (1). The polyphenolic or glue enous byssal threads (3, 4).

protein responsible for mussel adhesion Protein adsorption, the initial event in
has recently been characterized and con- adhesion, is intricately related to the func-
sists largely of 75-80 tandemly repeated tional chetistry ant conformation of the
hexa- and decapeptides, i.e., Ala-Lys-Pro- proteins. The functional chemistry of the

glue protein suggests that it is capable of
strong, even irreversible, adsorption to

'This work was supported by the Naval Medical surfaces. In particular. the Dopa groups
Research and Development Command Work Unit form complexes with AI(lID), Fe(III), and
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416 WILLIAMS ET AL.

bonding of o-diphenols to hydrophilic poly- culture adhesive, we have undertaken to
mers is competitive with that of water (8). ascertain what, if any, conformation is
Nothing is currently known about the con- present. circular dichroism and enzymatic
formation of mussel glue protein. In gen- modification studies suggest that the mus-
eral, proteins with flexible or unordered sel glue protein may have a largely unor-
conformations are more fully adsorbed dered extended conformation in solution
than those with tight globular structures with little or no secondary structure.
(9). The highly repetitive primary se-
quence of the glue protein, however, is MATERIALS AND METHODS
reminiscent of -ollagen (10). silk fibroin Materials
(11), fish antifreeze protein (12), and others
all of which form highly ordered, even par- The naturally occurring glue protein was purified
acrystalline, structures. The presence of as previously described (21. A protein analog of the

such order would be difficult to reconcile mussel polyphenolic protein with 216amino acids and

with the need for extensive nonspecific ad- M, 24.000 containing20 repeats ofthedecapeptide se-
quence tAla-Lys-Pro-Ser-Tyr-Pro-Pro-ThrTyr-

sorption. Lys) was synthesized using established recombinant
Because of the need to better understand DNA methodology in S(.fcharo myces -rer'isia by

protein adsorption and the growing impor- GENEX Corp. (Gaithersburg, MD . The complete se-
tance of mussel glue as a cell and tissue quenceoftheprotein is

10 15 20 25 30

A A A K P S Y P P T Y K'A K r S Y P P T Y K'A K P S Y P P T
31 Y K AK P S Y P P T Y K 'A K P S Y P P T Y K 'TPAA K P S Y

91 P P T Y K'A K P S Y P P T Y KAA K P S P P T Y K
121 P P T Y K'A K P S Y P P T Y K'A K P S Y P P T Y K'A K
151 P S Y P P T Y K^TPAA K P S Y P P T Y K'A K P S Y P P T Y

S1St KAKP S Y P P T Y K'A K P S Y P P T Y K'A K P S Y P P T Y
211 K'T P A S S

where the symbols i ) denote trypsin sensitive sites, added, and the reaction was allowed to proceed for 3
and the bold amino acids represent sequences not hat 20°Cwith continuous aeration and stirring. The
known to be present in the natural protein. This reaction was terminated by the addition of 0.1 m
ann!ug of the naturally occurring glue protein will be NaOH and distilled water to give a final pH of 8.0
referred to as the 20-mer. As received from the mann- and 0.05 M phosphate concentration. The sample was
facturer, the 20-mer had an apparent At 31.000- then applied to a bornate affinity column (3.2 v 1.0
32,000 as determined by SDS-gel electrophoresis and cm previously equilibrated with 0.05 m phosphate.
was essentially pure. Other reagents and their pH 8.0(14). Only Dopa-rontaining 20-mer was bound
respective suppliers were as follows: mushroom to this column through cis-diol boronate complexes,
tyrosinase (sp act 4300 units. mg) and ascorbic acid where as ascorbate and tyrosinase flushed through
(Sigma), Glyeo-Gel B. a boronate affinit, resin directly. The Dopa-containing 20-nmer was eluted
(Pierce Chemical Co), and trypsin (Boehringer- with.' tv/vtaceticacid and monitoredspectropho-
Mannheim). Ultrapure guanidine hydrochloride tometrically at 280 nm and by the molybdate-nitrite
(Schwartz/Mann) and ultrapure sodium chloride assay 115. Peak fractions were pooled and purified
(Alfa Product%) were usel in the buffers fr the CtD by reversed-phase IIPLC usirg a C-8 column
measurements. I Brownlee, RP-300t with two linear gradients of ace-

t,nitrile in -ate and 0 1 " v/i- trifluoroacetic acid:

Methods frm 0 to 16; at 16 min and from 16 to 37'5 at 63
mit using a flow rateof t ml/min. About 2.4 mg40

Enzymatic hydrocylation of lyrosyl reodsio. The yielit of l),pa-containing 20-mer was recovered fol-
enzymatic hydroxylation of tyrosine residues in the lowing a,'"- -al of acetonitrile and water by freeze-
20-mer was carried out essentially as described pre- drying. The low yield reflects both the loss of protein
viously (:13 Briefly, 6 mg of 20-mer was dissolved in due to quinone crosslinking during treatment with

-10 ml of 0.1 M sodium phosphate (pH 6.8) containing tyrosinase and the partial recovery of 20-mer from
25 mM ascorbate. Mushroom tyrosinase (0.5 mgt was the affinity column.
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Pre1xiatio snof Doix-wittiiny jwpfidca. Dopa-
,-ontaining decapeptides were prepared from the 20-
met by trypsinization (2). The hydroxylated 20-mer o --.......................
(2 mg) was dissolved in 3 ml 0.05 M sodium borate, pH

S.0. with I mM CaCI0. Trypsin was added at an en-
zyme:protein ratio of 1:10 (by weight) and digested o
for 12 h at 251C under 40 psi of N. The sample was
flash evaporated to a tinal volume of I ml, applied to a
column of LH-Sephadex (-20 (1.5 74 cm), and elated
with 0.2 M acetic acid. Peak fractions (280 nm( were
pooled and resolved by C-8 reversed-phase chroma-
tography (Brownlee, RP-300) using the gradient sys- I
tern described above. -20 1 -

Electrophore.is. The molecular weight of the 20- ,go 210 230

mer was determined by polyacrylamide gel electro- WAVELENGTH (inm)

phoresis with sodium dodecyl sulfate using a 12'
separatingand41 stackinggel underdenaturingand FI;. 1. CD spectra of the glut protein. Spectra of
reducing conditions. Slab gels were run in a Tris-gly- the glue protein were obtained in a 5 mM pH 7.0 phos-

cine buffer system as described in the Hoefer Scien- phate buffer containing(--0.6 Ni KF. t--- 0.6 M NaCI,
tific Instruments catalog. Polyacrylamide gel electro- or ) --- 6.0 M guanidine-H I. Spectra were accumu-
phoresis was also performed in 7.5,' separating gels lated at a temperature of 22o(" as ,)i'cribed under Ma-
with 57 acetic acid and 2 M urea (161. terials and Methods.

A oito acid analy.si.v For amino acid analysis, pro-
teins were hydrolyzed in 6 N HCI with 5',' (v/v) phe-

nol for 24 h in rauo at l00OC. Special conditions are mer were obtained in the far-uv wave-
usually necessary to resolve leucine and Dopa by length range under a variety of conditions.
amino acid analysis (15). The sequence of tryptic pep- The spectra of the glue protein in a pH 7.0

tides was determined by PTH- derivatization using a
Beckman 890C sequenator with 0.1 M Quadrol in the buffer containing either 0.6 M KF, 0.6 M

presence of polybrene and Gly-G ly-Gly (21 NaCI, or 6.0 M guanidine hydrochloride are

(Y) ,easrc',,tf5(, . CD measurements were made shown in Fig. 1. Due to the absorption of
onaJASCO J-500A equipped with aDP-50Odata pro- light by the buffer salts, all spectra could
cessorandspectrawerecorrectedforbaseline. Unles not be obtained over a full 190-250 nm
stated otherwise. 5 mM molar phosphate buffer, pH wavelength range; however, comparison of
7.0, was present in all solutions to help maintain the the spectra over the 205-250 nm region
pH. Routinely, 0.3-1.0 mg/ml samples in a 0.1-mm show only minor differences that could
cell were scanned an average age of l6 accumulations readily be explained by error in the mea-
with the sensitivity setting at 1.0°/cm scan speed at surement. The spectra of the nonhydroxyl-
20 nm/min. and the time constant at 1 s. A value of ated 20-mer were also obtained and found
115.4 mean residue molecular weight was calculated
from amino acid composition and was used in the con- to be nearly the same as the spectra of the
version to mean residue ellipticity. glue protein in buffer solutions which con-

Estjnatcfe ofstructure. The mean residue ellipticity, tained either 6.0 M guanidine hydrochlo-
[01, at any wavelength. 0, can he expressed as ride or 0.6 M NaCI.

K - X[I. [11 Since there appeared to be little change
where jf refers to the fractional contribution of a in the spectral characteristics of the glue

structure and ( 01 refers to the mean residue elliptici- protein in the different solutions, the effect
ties for that structure. Using an equation in the form of temperature was examined as a means
of Eq.[1].estimatesoftheperccntageof o, .and ran- of perturbing the spectrum (Fig. 2). Tem- 0

dom structures were obtained from least-squares fits peratures of 4, 22, and 37°C were compared
of the spectra to a set of standard values determined in the NaCI and KCI contpining buff-r-

ihv Chen e al (17). In addition, estimates of ex. d, 0 (Figs. 2A and 2B), while 25 and 60C were
turn, and 'andot struetures were obtained by Bolo- used for the 6.0 M guanidine hydrochloride
tina (18). cottaining buffer (Fig. 2C). In all three so-

RESULTS lutions, the spectrum was found to change
Circular dichroism spectra of the glue systematically with the mean residue el- tes

protein and of the nonhydroxylated 20- lipticity becoming more negative in the

i. .(~ -,)
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Fit. 2. (A (CD spectra of the glue protein in NaCI as a function of temperature. Spectra of the glue
protein were obtained in a 5 mm phosphate buffer, pH 7.0. containing 0.6 m NaCI at temperatures of
(-1 4 C. (- --- 22°C. or f- - ) 37*C. (B) CD spectra of the glue protein in KCI as a function of temper-
ature. Spectra of the glue protein were obtained in a 5 Tom phosphate buffer, pH 7.0, containing 0.6
M KCI at temperatures of (-) 4C. (---) 22C. or ----- ) 37C. (C) CD spectra of the glue protein in
guanidine hydrochloride as a function of temperature. Spectra of the glue protein were obtained in
6.0 M guanidine hydrochloride at temperatures of (- -- I 600C or (-) 250C.

215-230 nm region and less negative in the in buffers containing NaCI and KCI at 251C
200-215 nm region as the temperature was suggest that the protein is 65-75% "ran-
increasld. dom" structure. Inclusion of up to 6.0 M gua-

Estimates of secondary structure were nidine hydrochloride, at 25
0
C, did not ap-

obtained by analysis of the spectra ob- pear to alter the structure significantly as
tained under all of the various conditions, reflected in, the estimates of 71 and 79T, for
The spectral analysis was performed by the random structure (Tables I and 1h.
least-squares fits to model data taken from Other spectra of the glue protein were oh-
Chen et aL (17), (Table I). Alternatively, tained at different concentrations of NaC1,
model data of Bolotina were used (18) (Ta- lower concentrations of guanidine hydro-
ble I). The difference in these two models chloride, or in the presence of EDTA or met-
is the inclusion of parameters for esti- als. None of these alterations in the content
mates of 0 turns in the model of Bolotina. of the solutions were found to significantly
The results of the analysis of the protein alter the spectra or the final analysis,
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TABLE I fluence secondary structure of the protein

ANALYSIS USINGTHE VALUES OF CHEN V ,. (171 in solution.
Enzymatic studies were performed in

3 Random order to examine the accessibility of tyro-
syl groups in the 20-mer to enzymatic by-

0.6 m KF droxylation. Under reducing conditions af-
370C 4.3, 1.5 24.2 4.5 71.5 ter 3 h, mushroom tyrosinase converted
25Wc 2.1 - 1.3 23:1 - 4.0 74.6 about 44 ± 5'7 of tyrosyl residues to Dopa.
220C 2.8 , 1.4 25.S - 4.2 71.4 This value was calculated from the ratio
41C 1.1 1.3 24.7+4.3 74.2 Dopa/(Dopa + tyrosineI. In the HPLC-pu-

0.6M NaCI Difaed patrosin in , the Levp
37WC 6.3 - I.S 29.6 ± 3.9 64.1 rifled tyrosinase-treated protein, the level

25WC 3.9 ± 0.9 260 + 2.0 70.1 of hydroxylation was slightly higher at 56

22C 4.2 ± 2.0 30.9 4.4 64.9 ± 417 presumably due to removal of cross-

40C 2.1 + 2.5 28.5 + 5.3 69.4 linked protein and enzyme. Figure 3 shows
6.0 M GDN the time course of the tyrosinase-catalyzed

60C 4.3 ± 0.5 21.1 ± 1.9 74.6 hydroxylation of 20-mer. The data for the
250c 0.0±0.7 2(.:1 + 2.6 79.7 appearance of normalized [Dopa/(Tyr

0.6 M NaClI nonhydroxylated 20-merI + Dopa)] and the disappearance of nor-
250C 4.6 + 0.1 28.9 , 0.2 66.5 malized tyrosine [Tyr/(Dopa + Tyr)] were

6.0 M GDN Inon-hydroxylated 20-met) pooled and fit by a non-linear least-squares
25oC 3.2 +0.1 19.8_0.2 77.0 analysis with the percentages of the frac-

tions from the HPLC separation used as
constraints. The best fit of the data (Fig.

The nonhydroxylated 20-mer exhibited 3) was found to be a model with two rate
CD spectra nearly identical to those of the constants k, = 5.b 1+0.3) X 10'I min I and
natural glue protein in all buffers. Conse- 7.2 (±0.3) Y 10 2 min I. These data suggest
quently we used the 20-mer as a model and at least two significantly different accessi-
evaluated its amino acid sequence by the bilities of tyrosyl groups to tyrosinase. To
Chou and Fasman rules of analysis in or- assess this possibility, tyrosinase-treated
der to correlate the predicted structure to
the estimated structure obtained from the
analysis of the CD spectra. For the deca- TABLE 11
peptide (Ala-Lys-Pro-Ser-Tyr-Pro-Pro- CD ANALYSSIS tN(; REFERENCE VALUES
Thr-Tyr-Lys) the analysis suggests that OF BoLoTINA (18)

there is little probability of formation of
any 3 or a structures while the four-amino 1 i 3 Turn Random
acid sequences (Lys-Pro-Ser-Tyr) and
(Pro-Pro-Thr-Tyr) are sequences with a 0.6 M NaCl
good probability for forming 3 turns. 371C 5.9+±0.5 11.9+0.7 18.8 t 0.5 63.4
While the Chou and Fasman (19) analysis 25C 4.0 +1.0 11.7 1.5 1.3 1.2 6 11
which predicts little a and 0 structure is 22°C 2.9 0.6 12.2 ± 0.8 17.8 0.6 67.1

4VC 1.9_+ 0.5 11.4-+ 0.8 19.2_±+0.5 67.5
supported by the analysis of the CD spee- 1.6 m KF
tra, the presence of only 18.6% 0 turn 37oC 5.7 + 0.6 10.5 _ 0.9 19.6 _ 10.7 64.2

structure is detectable on the basis of the 2oC 4.) + 0.5 10.4 + 1.0 19.8 ± 0.6 65.8
CD spectrum (Table I). Further evidence 22- 3.6 _ 0.5 111 0.7 I,.7 ± 0).5 66.6
supporting the absence of secondary struc- 4oc 2.5 - 0.7 10.4 , 0.9 19.4 ± 0.6 68.7
t
ure in the native protein and in the 20-mer 6.0 m GDN

comes from the fact that guanidine hydro- 60C 4.2-0.6 11.4 0.8 16.3, 0.8 68.1
chloride was unable to cause any perturba- 25C 0.0 1.0 11.9±1.2 16.6 _ 1.2 71.5

tions in the spectra. Also, the similar spec- 0.6 M NaCI (nonhydroxyiated 20-mer)
tra obtained for the hydroxylated and non- 25C 5.3 ± 0.7 15.3 ± 1.0 18.6 ± 0.7 60.s

hydroxylated forms suggest that the 6.0 M GDN (nonhydroxylated 20-mer

degree of hydroxylation does little to in- 25^C 3.2 ± 0.1 10.1 ± 0.9 16.S + 0.5 69.9



420 WILLIAMS ET AL.

.0 TABLE Ill

AMINO ACID SEQUENCE DF THREE RP-300 FRACTIONS
(FIG. 4) FOLLOWING TRYPSINIZATION OF 20-MER

HYDROXYLATED IN THE PRESENCE OF
oMI:SHROOM TYROSINASE

0 Percentage
- Position Amino acid (nmol) of total'

Fraction A

5 Tyr(1.0l;Dopa 8.2) 15
9 Dopa (4.6;Tyr 0.04

40 00s 12 o 0 Fraction B

FIG. 3. Enzymatic conversion of tyrosine to Dopa 5 Tyr (4.6); Dopa (0.5, 60
by mushroom tyrosinase. The enzymatic hydroxyla- 9 Dopa (3.t4; Tvr 0.2)
tion of tyrosines on the 20-mer was carried out as de-
scribed under Materials and Methods. The samples Fraction C
were collected as a function of time and quantitated
by amino acid analysis of HPLC fractions obtained 5 Tyr (2.2,; Dopa (0.121 21
after trypsization. The data are expressed as a ratio 9 Dopa (2.1); Tyr 0,8
of remaining tyrosine (A) or newly formed Dopa (0l
at a given reaction time, to the total tyrosine of the Percentage of each peptide relative to the surs of
20-mer ,t time 0. The line through the points repre- the amount of all the eluted peptides.
sents a fit of a biphasic reaction model to the data.

20-mer was digested with trypsin, and a arated from one another on any resin. The
N purification of the peptides was attempted amino acid composition of fractions con-

by reversed-phase HPLC. The elution pro- tained in these peaks is listed in Table III
file shown in Fig. 4 reflects that the tryptic and ranges from 90 to 557, Dopa conver-
peptides have very similar mobilities on sion with the Dopa-richest fractions elut-
HPLC and indeed could not be cleanly sep- ing earliest. Three lots of fractions were

collected for sequencing to determinp if
there was any preference by the enzyme
for Tyr-5 or Tyr-9 in the consensus repeats.
Sequence results suggest essentially a
quantitative conversion of Tyr-9 to Dopa
and slight but perceptible conversion of

E Tyr-5 to Dopa, especially in the earlier
00

- eluting peaks (Table II1. The Dopa-rich,
*, early eluting fractions represent a small

portion (<15% ) of the total peptides pro-, duced.

o0 30DISCUSSION

Elution time- mn In attempting conformational analysis

FiG. 4. Elution profle of the trypsin-digested by- from CD spectra, it should be emphasized
droxylated synthetic mussel glue analog on a C-8 re- that a number of factors can strongly
versed-phase column. Fractions were assayed at 280 affect CD spectra (20). However, as indi-
nm and molybdate-nitrite reactivity at 100 nm. Frac- cated by numerous literature articles, CD
tions under the bars marked A, B, and C were pooled spectra may be used to estimate conforma-
for amino acid analysis and peptide sequencing. tions present in a qualitative way, but ab-
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solute numerical values should not be ac- lational hydroxylation is likely due to a pu-
cepted as such (20). The data from the tative tyrosyl 3-hydroxylase. Apart from
analysis offar-ui" CD spectra of the poly- the slight difference in primary structure
hydroxylated form of the glue protein sug- around the two tyrosines in the repeat,
gest that the protein has an unordered there is no basis yet for concluding that
structure. Whether the glue protein or the the factors determining enzyme-substrate
20-mer analog contain any ordered struc- preference are ruled by primary structure,
ture remains unclear. The spectra of both secondary structure, or a combination of
are reminiscent of those generally oh- the two. Prolyl 4-hydroxylase in plants ap-
served for highly denatured proteins (20). pears to recognize a poly-L-proline II helix,
Furthermore, addition of 6.0 m guanidine hydroxylating both protocollagen and
hydrochloride, which transforms many polyproline with similar facility (21). Pro-
proteins to a random coil, causes no change lyl 4-hydroxylase in animals, however, has
in the CD spectrum. very specific primary sequence require-

The CD data for the 20-mer were very ments, i.e., (X-Y-Gly)n, where Y must be
similar to the data collected for the poly- Pro (22). Since tyrosyl 3-hydroxylase act-
hydroxylated glue protein. Applying the ing on protein-bound tyrosyl groups has
rules of Chou ,nd Fasman for predictions yet to be isolated, nothing is known about
of structure to two repeats of a 10-amino its properties except a product (polypheno-
acid segment of the 20-mer indicates that lic protein) that is a fait accompli.
a helix or 13 sheets were not likely while Mushroom tyrosinase has a long history
some t! turns might exist in two places. of use as an agent of site-directed modiri-
The location with the highest probability cation. The enzyme catalyzes both the by-
of 3 turns contains Tyr-5, i.e., Lys-Pro- droxylation of monophenols such as tyro-
Ser-Tyr. The second possible amino acid sine, including protein tyrosyl groups, and
segment contains Tyr - 9, i.e., Pro - Pro - the oxidative dehydrogenation of o-diphe-
Thr-Tyr. nols to quinones (23). In the presence of

The 20-mer protein which consists of 216 high concentrations of ascorbate the rear-
amino acids in the form of about 20 repeats tion can be limited to hydroxylation since
of a decapeptide, was designed as a syn- the o-quinone is reduced back to the o-di-
thetic analog of protopolyphenolic protein, phenol by ascorbate. Mushroom tyrosinase
that is, polyphenolic adhesive protein of M. oxidizes Tyr-26 in the B-chain of insulin at
edulis prior to any post-translational hy- a rate 13 times faster than Tyr-16 which
droxylation at tyrosine and proline. Nearly is thought to be buried (24). The present
78'7 of the tyrosyl groups in natural poly- results suggest that there are two tyrosyl
phenolic protein are converted to Dopa (2), reactivities in the 20-mer analog of the
and Gime Dopa is thought to play an essen- polyphenolic protein. These vary in their
tial role in the adhesive and cohesive prop- rate of hydroxylation by a factor of about
erties of the protein by hydrogen bonding, 20. The sequence of the hydroxylated pep-
metal chelate complexes, and covalent tides derived from the 20-mer by trypsin-
crosslinks. Sequence studies of tryptic pep- ization indicated that Tyr-9 is almost com-
tides derived from the natural polymer pletely converted to Dopa by tyrosinase,
have suggested that two different tyrosyl while Tyr-5 is only marginally modified in
environments occur. These are both pre- the peptides. Perhaps Tyr-9 is the more ac-
sented in the consensus repeat cessible of the two. This pattern of hydrox-

ylation is similar to that of the natural
Ala-Lys-Pro-Ser-Tyr-Pro-Pro-Thr- protein, except that the levels of Tyr-5 to

Tyr-Lys. Dopa conversion at 3 h in the 20-mer are
somewhat lower than those in polypheno-

When tyrosinase is added to the 20-mer, lic protein.
only 15 to 35'7 of Tyr-5 is found hydroxyl- The results of the tyrosine hydroxyla-
ated to Dopa while essentially 1007, of tion appear to be inconsistent with the CD
Tyr-9 is converted. In oi, the post-trans- results which suggest minimal structure.
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The CD analyses yield values around 187
/
, 4. rENEii'Tr, '. V., AND WAITE,J. 1n. i198ijM,,-

for the 3 turn, the only structure predicted pl,L 189,261-279.
by the Chou and Fasman analysis. How- 5. OEIHMAN. L. 0., ANDi SJOIEBER;, S. 1953) I',Vyht,

ever, 3 turn predictions from CD analysis dr,, 2.1329-1335.
6. AVorrEF A.. SOFTEN. S. R3.. BREGANTE. T. L_. ANi-do not always correlate as well with known .. N. 1. .. B . 1..

protein structures as they do for a helix 532M3N.
and 1 sheet (18). Therefore, NMR studies 7. BARTELS, H. 1964) h. ,. Art, 47, 305
have been frequently used to enhance 12609.
structural analysis of peptides. Recent S. HAGERMAN. A E.. ANi Bt'TLER. 1. G 119gt1 J
NMR work of Cung et aL. (25) suggested tBio. Chen, 256.4494-14,7
that a L-Pro-L-Pro containing peptide ex- 9. GRAIIAM, I). E.. AND PiuitA.i.i. M, C (197,
hibits flexibility in aqueous solutions and a Foams (Aker,, RJ. J_ Edi. pp 237 206. A-,.

mix of two types of folded conformations demi Press, L.ondon.

in inert solvents. Otter ef ul. (26) concluded 10. W OuDItA -AI..,,W.\U . J (1 Oix (n,[[aC1gn A..n

that a different peptide containing the omy.of a Protin.E. i .ar Arnold. I.,n,.

Pro-Pro set,:rence had some type of struc- A t (MARI . A 1198th J, I.F., 6S 111M, 117

ture that was not disrupted by 5 M urea. 12. S(,Tr. G. K.. A'iEs. P 1.. Soc ,ss. % M A .
Therefore it is possible that Tyr-9 being Ft.ET('IER. (; 1. (i7, E'- .1 1-,,.... I'.
close to a Pro-Pro sequence could be part 629-633
of a guanidine hydrochloride stable struc- 1:3. MARt'M,.K, ANIW.AITV.J Il 1.'.+t ,,,. Iv

ture that makes it more accessible to enzy- ,ph,1.. rIo , 72, !0- 103
matic hydroxylation, and that Tyr-5, being 14. HAWK INS. C.L. I.A\i1\. M F. I1skii. I IL..
in a high probability region for a 4 turn, Ross. I. (19MI.6I . -l.1-, 156.1,7 !*

may be part of a guanidine hydrochloride 1 i WAITEJI. II..ANiBRNFI, -i.( V 11041, ,,M'il

stable structure which is inaccessil'le to tv IIs in Enzymo WoVh. F. and Midlal,. I
r o s in a s e . E .1V3 o 10 7 .1 -. 3 9 7 t1 - .. A , l,. I .

While these studies suggest that mussel Sn. PANYIM. .g , , \,C,. H , ... ft.,

glue protein possesses an open unordered h . /,,.mp y. 130I, 337 346
conformation in solution, once adsorbed, 17. IHEN, Y. H. A.\N;,J T. ANI,('1.1m K II ,l 74,
the conformation need not remain unor- Rioc d.,i t, 1 ., O ., 19
dered. An open, extended conformation in IS. YANG. .1. T.. V I .-S.(., ANII MARITINEZ II Mi

solution would suggest that all the o-di- (19861 in Methods in Enzymohgl iir,.
phenolic groups have equal probability of C. H W., and Timashef. S. N . Edi, olI 130.

forming stable complexes with suitable ip. 208-269 Academic Press,, San Dieg,.
surface sites. 19. ('S('o . P. f'.. ANt FASMAN. G. ) ( 197, ,xi. ' ["''

eol 47,45- 1 4,.
2o. ('ANTOR, C. R.. ANti TIMASHEFF. S. N. 11982) P"
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